They are His46, His104, His109, Glu105 and Lys108. His46 and His109 work in general acid-base catalysis for the cleavage of dinucleoside phosphate (XpY), where X and Y are A, G, C or U, and His104 probably works as a phosphate binding site. 4, 12) The other amino acid residues probably work to stabilize the pentacovalent intermediate. 1) Very recently we determined the primary structure of an RNase from salmon liver (RNase Ok2), 13) in which the His104 (RNase Rh numbering) was replaced by tyrosine residue and showed very low enzyme activity (about 5%) compared to the other members of RNases, such as RNase Rh. This finding forced us to reconsider the role of His104, and we proposed a new mechanism. 13) In this mechanism, we suggested that His104 is not only important for phosphate binding on a substrate, it is also crucial to the exhibition of high enzymatic activity by stabilization of a pentacovalent intermediate.
The interaction between the substrate and RNases is generally assigned by the base binding sites. Bovine pancreatic RNase A, one of enzymes other type, has more than three base binding sites, B1, B2, and B3. 14, 15) In the case of RNase T2 family RNase, two base recognition sites, B1 and B2 are confirmed.
1) The B1 and B2 binding sites are named according to those proposed Richards and Wyckoff. 14) That is, the B1 and B2 sites recognize the base moiety of the substrate from 5Ј to 3Ј side of scissile nucleoside linkage (X and Y), respectively ( Fig. 1) .
Although RNase T2 enzymes are essentially base nonspecific, each RNase showed characteristic base preference. 1, 16, 17) Therefore, it is very important to make clear which amino acid residues are responsible to such base preferences.
In RNase Rh, the presence of two base recognition sites was predicted by the analysis of the rates of cleavage of XpY, 1) and confirmed by X-ray crystallography 10, 11) and protein engineering study (Fig. 1) .
One of these sites, the role of the B1 site, which is composed of Asp51, Trp49 and Tyr57 has been studied by protein engineering studies. 5, 7) Asp51 contributed to adenine base recognition and the replacement of the Asp by Asn increased guanine base preference. On the other hand, there are various evidences suggesting the importance of B2 site to enzymatic activity and base preference. [16] [17] [18] In RNase Rh, the amino acid residues which contribute to the B2 site were schematically confirmed, by X-ray crystallography of the RNase Rh-dApC complex, to be Gln32, Pro92, Ser93, Asn94, Gln95 and Phe101 by Hamashima 11) and Nakamura and his associates. 19) The structure of the B1 and B2 is schematically shown in Fig. 1 . Among the amino acid residues present at the B2 site of RNase Rh, Phe101 and Pro92 were conserved in most of the RNase T2 family RNases studied to date 1) and the Pro92 seems to be very crucial to maintaining the suitable folding of the main chain. In our previous reports, we studied the role of Phe101 and reported that Phe101 was indispensable to enzyme activity and it could be replaced only by Leu and Trp, which probably interact with base moiety by p/p and p/s interaction. 12, 20) Gln32, a component of the B2 site of RNase Rh is conserved in many RNase T2 enzymes. It is located far from other members of the B2 site constructing amino acid residues such as Pro92 and Phe101 on the primary structure, but it located very closely in the three dimensional structure, as shown by X-ray crystallography of the rRNase Rh-W49F-dApC complex. 11) In addition to this fact, in RNase MC1 which is a member of RNase T2 enzymes, the location of Gln9 (corresponding to Gln32 of RNase Rh) in the B2 site was demonstrated by X-ray crystallography data of the RNase MC1-2Ј-AMP complex. 18) In this report, to confirm the role of Ser93, we analyzed the enzymatic activity of several S93 mutant enzymes towards 16 XpYs and discussed the effect of the replacement of these residues on base preference.
MATERIALS AND METHODS
Enzymes Nucleic acid modifying enzymes were purchased from Takara Bio (Kyoto). Staphylococcus aureus V8 protease was a product of Wako Pure Chemicals (Osaka).
Site-Directed Mutagenesis The mutant enzymes used in this study were generated by site-directed mutagenesis according to the method of Kunkel et al. 21) with a mutagens in vitro mutagenesis kit (BioRad, Japan, Tokyo), as described in our previous paper.
3 ) The codons used for mutations for Ser93 (AGT) were Ala (GCT), Val (GTT), Phe (TTC), Thr (ACT), Gly (GGT), Asp (GAC), Asn (AAC), Glu (GAA), Gln (CAA), and Arg (AGA), respectively. Mutations were confirmed by DNA sequence analyses by the dideoxy method of Sanger and Coulson. 22) Expression of the Mutant Enzymes and Their Purification The site-specific mutants of pYE-RNAP Rh, a plasmid for the expression of RNase Rh, were used to transform Saccharomyces cerevisiae R27-7C-1C. The transformants were cultivated as previously reported.
3) The three-days culture of the transformants was centrifuged at 5000 rpm for 5 min to give a supernatant. The supernatant was dialyzed against deionized water and put on a DEAE-Toyopearl 650M column (1.6ϫ70 cm) equilibrated with 50 mM Tris-HCl buffer, pH 7.5. The enzyme was eluted with a linear gradient of NaCl (0-0.5 M NaCl) in the same buffer, as described in our previous report. 3) To obtain an enzyme with a homogenous N-terminal sequence, the purified enzyme described above was further treated with a limited amount of Staphylococcus aureus V8 protease. The protease treated enzymes were purified as described above to eliminate the protease. The purity of the mutant enzymes was verified by SDS-PAGE stained by Coomassie Brilliant Blue staining 23) (the results are not shown here). The expressed native enzyme (rRNase Rh) is enzymatically indistinguishable from RNase Rh but has three additional amino acid residues at the N-terminus, Ala-SerGly-.
Protein Concentration The protein concentrations of rRNase Rh and its mutant enzymes were measured by assuming that A 280 nm of 0.1% protein solution was 1.91.
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was done in 10% polyacrylamide gel by the method of Laemmli 23) with molecular weight marker proteins (Daiichikagaku Yakuhin, Tokyo).
Enzyme Assay (a) The enzymatic activity was measured by the increase in acid soluble nucleotides after digestion of yeast RNA at pH 5.0 and 37°C. The specific activity was measured as reported in our previous report. 24) (b) The rate of hydrolysis of dinucleoside phosphate was measured according to the method of Imazawa et al. 25) and Witzel and Barnard, 26) by following the change in absorbance during the course of the reaction at 23°C. The change in absorption was monitored by a Simadzu UV200 or JASCO V-556 spectrophotometer. The kinetic parameters, k cat /K m were calculated directly with Lineweaver-Burk plots. 27) CD Spectrum The CD spectrum of the mutant enzyme was measured between 200-250 nm by a JASCO J600 spectropolarimeter using 0.1 cm path length cell at 23°C. The protein concentration was 10 mM.
RESULTS AND DISCUSSION
Ser93 (S93) of rRNase Rh has been known to be involved in the B2 base recognition site and seems to interact with the Y base of dinucleoside phosphate (XpY). 11) In order to investigate the role of this serine residue on the enzymatic activity of rRNase Rh, we made several mutant enzymes at this position. These were S93A, S93V, S93F, S93T, S93G, S93D, S93N, S93E, S93Q, and S93R. The purity of all mutant enzymes was verified by SDS-PAGE and N-terminal amino acid sequence analysis. The CD spectra in 200-250 nm region of mutant enzymes are essentially the same as those of native RNase Rh. These indicated that the gross conformation of the mutant enzymes is essentially the same as that of RNase Rh (data not shown). The specific activity of these 10 mutant enzymes falls between 3.5-75% of the native RNase Rh (Table 1) . Therefore the Ser93 position seems able to be replaced by other amino acid residues without drastic change in enzymatic activity. The average specific activity of the S93 mutants was the 2nd highest among the RNase Rh mutant enzymes we have obtained so far.
Enzymatic Activity of Mutant Enzymes towards Dinu- 18, 20) Similarly, by comparing ÍXpA, ÍXpG, ÍXpC and ÍXpU, we were able to estimate the base preference of the B2 site. We calculated these parameters for all mutant enzymes (Table 3) . Using the data in Table 3 , we obtained the subsite base preference of both subsites, and summarized them in Table 4 . The B1 site base preference of native RNase Rh seems to have an almost equivalent base preference for all four bases, although it exhibits a slight preference for guanine base. The B2 site of RNase Rh expresses preference for guanine, then cytosine.
Effect of Substitution of Ser93 on B1 Site Base Recognition In this report, we only studied S93 belong to the B2 site, and the amino acid residues in the B1 site was retained without changing. Thus, theoretically base preference related to the B1 site should not have been affected. However, in many mutant enzymes, some perturbation of the B1 site base preference was observed. In the case of S93A, S93V and S93G mutant enzymes, the B1 site adenine base preference increased markedly. The B1 site of many mutant enzymes changed to more disadvantageous to pyrimidine base (C and U). We have no good explanation to these results, but they may be due to some conformational, stereoscopic or elec- A  6520  24800  45300  16400  93020  A  2410  3920  5110  3140  14580  G  2710  90900  52200  14700  160510  G  2750  3900  3140  217  10007  C  10500  51300  21600  33700  117100  C  3150  2270  874  204  6498  U  19100  63300  26500  15200  124100  U  3320  322  863  165 tronic change introduced by mutation. Similar indirect changes in B1 site base preference were also observed in the case of F101 and Q32 mutation studies previously. 20, 29) Effect of Replacement of Ser93 Position on B2 site Base Preference By replacement of Ser93 with Phe, Thr, Glu, Gln and Arg, the B2 site base preference becomes markedly cytidine preferential. The B2 site preference of these mutant enzymes is shown in Table 3 . Four mutants except S93T hydrolyze NpU very slowly. On the other hand, the B2 base preference of S93D and S93N mutants become much more uridine. The results for 6 mutant enzymes, S93F, S93E, S93Q, S93R, S93D and S93N, are schematically shown in Fig. 2 .
When we compare ÍNpYs and ÍXpNs (Table 3) , we observe many cases where the rate of hydrolysis is strongly affected by B2 site base preference, as can be seen in the cases of S93D and S93N. Both enzymes are essentially NpU bond specific, and the S93F, S93T, S93E, S93Q and S93R are NpC bond preferential enzymes. The results suggested that these enzymes are a kind of restriction enzymes.
In Table 4 we can observe that the hydrolysis of XpYs is controlled mainly by B2 site base preference and then modified by B1 site base preference (for example, S93F, S93G, and S93T).
The most rapidly cleaved dinucleoside phosphate bond among 16 XpYs by these mutant enzymes are also listed in Table 4 . For S93F, S93T, S93Q, S93E and S93R, the rates of hydrolysis of GpC are the highest among 16 XpYs. On the other hand, in contrast to the above five cases, in the case of S93D and S93N, the B2 site base preference for uridine markedly increased (Table 4, Fig 2) . These enzymes cleave most preferentially at the XpU bond, where X is C for S93D and U or G for S93N. Thus these enzymes, S93D and S93N, cleave most rapidly CpU and GpU or UpU, respectively among 16 dinucleoside phosphates and probably in the case of RNA hydrolysis too. These results also indicate that cleavage of the nucleotidic linkage is mainly controlled by B2 site base preference 12, 17, 18, 20) and modified by B1 site base preference.
In the previous report on a similar experiment of the mutagenesis at Q32 position, we found several mutants of the B2 subsite had a cytidine preference, but no B2 uridine preference, like these two cases. 29) In these uridine base preferential mutant enzymes, the amino acid sequence around the B2 site becomes · · · W91-P92-N93 (or D93) · · · (RNase Rh numbering). The sequence is similar to that of the B2 site of a uridine preferential RNase, RNase MC1 from bitter gourd (Momordica charantia) · · · W69-P70-N71 · · · . 18) Numata et al. reported the properties and the crystal structures of RNase MC1 mutants, 30, 31) N71T and N71S. N71T and N71S cleave rapidly CpG than CpU, 30) and they can make hydrogen bond with N7 atom of guanine base. 31) These reports were very similar to our results, but were reverse in respect of the direction of mutation. Though we have not yet analyzed the tertiary structure of S93N by X-ray crystallography, this position (Ser93 in RNase Rh and Asn71 in RNase MC1) may be very crucial for base recognition.
In addition to the base specificity of the B2 site discussed above, we compared the relative rate of hydrolysis of dinucleoside phosphates with the most rapidly cleaved substrate by each mutant enzyme (Table 4) . From the results, we could deduce the following conclusion. The vertical axes (% of SNpA, SNpG, SNpC, and SNpU) are calculated from those in Table 3 . Horizontal axes are bases in the B2 site. GϾA, U, C CϾAϾGӷU GpC rapidly, as compared to other substrates, like the almost GpC specific enzyme. These results suggest the possibility that the mutant enzyme could be used as a kind of restriction enzyme. In addition, the results of this report indicate that the enzymes with higher specific activity such as the native enzyme have relatively uniform base specificity, as seen in S93T, and mutant enzymes with strict base specificity have relatively low specific activity. Thus by point mutation of base non-specific RNase, it would be possible to a base specific RNase.
